Most studies on the trophic regulation of the normal neuronal competition for survival have focused on interactions between neurons and their target environment. However, it is also likely that trophic modulators are released from premotor inputs onto motoneurons.
We have examined the developmental distribution of endogenous enkephalin-like immunoreactivity and the role that these endogenous opioid peptides play in normal neuronal degeneration.
During the early portion of the normal cell death period, enkephalin-like immunoreactivity is highest within preganglionic cell bodies in the midbrain and their nerve terminals in the ciliary ganglion. Exogenous daily morphine administration to the chick embryo has previously been shown to delay most of the normal neuronal death in the ciliary ganglion (see Meriney et al., 1985) . We hypothesized that opiate receptor activation increases the probability that ciliary ganglion neurons will survive their developmental competition and, further, that the endogenous opioid peptides in the ciliary ganglion normally modulate this competition. However, in our previous report (Meriney et al., 1985) , we noted that daily administration of the antagonist naloxone to the chorioallantoic membrane did not significantly Competition for survival is a common developmental process that has been characterized in many neuronal populations (see Cowan et al., 1984) . Most studies of naturally occurring neuronal death have concentrated on the importance of neurontarget interactions (Levi-Montalcini and Amprino, 1947; Landmesser and Pilar, 1974b; Pittman and Oppenheim, 1979; Pilar et al., 1988a) . Several have also pointed to the requirement for central inputs and synaptic activity onto motoneurons (LeviMontalcini, 1949; Furber et al., 1987; Meriney et al., 1987) . In this report, we address the effect of endogenous opioid peptides in the competition for survival.
There are two populations of motoneurons in the ciliary ganglion (ciliary and choroid), which undergo an approximate 50% reduction in cell number during a defined developmental time period [embryonic day (E) 8-14 or stage (St) 3440; Landmesser and Pilar, 1974a] . The ciliary and choroid neurons project separately to their respective target tissues: the iris and ciliary body, and the choroid coat (see Landmesser and Pilar, 1978; Meriney and Pilar, 1987; Pilar et al., 1987) . We have shown previously that the extent of neuronal death during development in the ciliary ganglion is influenced by synaptic blockade at ganglionic synapses for choroid neurons, and by ganglionic and neuromuscular synapses for ciliary neurons . We have also shown that exogenous morphine administration delays most of the normal neuronal death (Meriney et al., 1985) . Therefore, since the extent of normal neuronal death is sensitive to alterations in synaptic function, our previous reports are con-et al. * Opioid Modulation of Neuronal Survival sistent with the hypothesis that chronic morphine administration could rescue the neurons in the ciliary ganglion from most of their normal death via a synaptic blockade+lependent mechanism. It is generally thought that the target environment may mediate its effects via one or more trophic factors [including perhaps ciliary neurotrophic factor (CNTF); see also end of Discussion]. It is also likely that there are trophic factors that modify neuronal death by acting within the ganglion itself.
The presynaptic terminals onto pigeon ciliary ganglion neurons have been shown to contain enkephalin-like, vasoactive intestinal peptide (VIP)-like, and substance P-like immunoreactivity (Erichsen et al., 1982; Reiner, 1987) . Peptides are the most recently discovered class of neuromodulators and neurotransmitters, whose role in the normal functioning of the nervous system is just being realized. Many of these peptides have been shown to influence characteristics of neuronal development, including cell survival, proliferation, and growth (see Handelmann, 1985; Zagon and McLaughlin, 1986; Schmahl et al., 1989; Pincus et al., 1990) acetylcholinesterase activity, and nerve terminal excitability (Haynes and Smith, 1984) . While little is known of the ontogeny or actions of VIP in the ciliary ganglion (Reiner, 1987) substance P and enkephalin have been shown to modulate synaptic function (Role, 1984; Dryer and Chiappinelli, 1985; Margiotta and Berg, 1986) .
The developmental expression of substance P-like and enkephalin-like immunoreactivity in the ciliary ganglion suggests a role for these peptides in the maturation of these neurons. White et al. (1985) have shown with high pressure liquid chromatography (HPLC) analysis of whole chicken ciliary ganglia that substance P does not increase in the ganglion until after the normal neuronal death period, and therefore may not be relevant in this context. In contrast, they have also shown that opioid peptides increase in the ciliary ganglion during the normal neuronal death period. These observations indicate that endogenous opiate-like peptides are present in the developing ciliary ganglion system and may modulate synaptic transmission during the normal neuronal death period.
In the present article, we continue our study of the role of opioid peptides in the developing chicken ciliary ganglion. First, we quantify the number of terminals containing Leu-enkephalin (LE) and compare this staining with that seen after immunostaining with an antibody against a synaptic vesicle antigen (Buckley and Kelly, 1985) to study the distribution of LE in ganglionic terminals during development. Second, we show that the opiate antagonist naltrexone influences neuronal survival. Third, we demonstrate that although opiates can influence synaptic transmission at some synapses, synaptic blockade is not likely to be the mechanism by which exogenous morphine or endogenous opioid peptides modulate ciliary ganglion neuron survival. Finally, we reveal that during the period of cell death, opioid receptor pharmacology suggests the presence of d-opioid receptors in the ciliary ganglion. All of these observations implicate endogenous opioids in the regulation of neuronal number during development but argue against the simplest model (ganglionic synaptic activity blockade) for opioid effects on neuronal survival.
A preliminary report of some of these data has appeared in abstract form (Meriney et al., 1985; Gray et al., 1986) .
Materials and Methods
White Leghorn chick embryos were incubated in a forced draft incubator until the desired stage (St; determined by Hamburger and Hamilton, 1951 
Ciliary ganglion immunohistochemistry
White Leghorn chicks or embryos were killed by decapitation, and the ciliary ganglia were dissected from the eyes in Tyrode's solution containing zero calcium. The ganglia were immediately fixed in cold 4% paraformaldehyde in 0.1 M phosphate buffer (PB) for 3 hr and infiltrated with three changes of 20% sucrose in PB overnight. Each ganglion was embedded in Tissue-Tek O.C.T. Compound (Miles, Elkhart, IN) and frozen in 2-methyl butane on dry ice. Serial 10 pm frozen sections were cut through an entire ganglion, collected on subbed slides, and dried overnight. The sections were then stained by indirect immunohistochemistry for LE and a synaptic vesicle antigen, SV2, as follows. After rehydration in PB containing 0.3% Triton X-100 (PBT), the sections were preincubated for 1 hr at room temperature in a blocking solution containing 2% bovine serum albumin in PBT. The sections were then incubated for 24 hr at 4°C in a rabbit antiserum against LE (Immunoclear Corp.), diluted I:1000 in blocking solution. The sections were washed in PBT and subsequently incubated in goat anti-rabbit fluorescein isothiocyanate (FITC, Sigma), diluted 1:50 in blocking solution, for 1 hr at room temperature. After washing three times in PBT, the sections were incubated with the monoclonal antibody SV2 (kindly provided by K. Buckley, Harvard Medical School), diluted 1: 1000, for 1 hr at room temperature. After washing again in PBT, the sections were labeled by incubation with goat anti-mouse rhodamine isothiocyanate (RITC, Sigma), at 1:50, for 1 hr at room temperature. A final rinse in PB was done before the sections were mounted in Fluoromount G and viewed under epifluorescence with FITC or RITC filters on a Nikon Labophot microscope.
Controls for antigen and method specificity included preadsorption of the primary antisera with 40 NM synthetic LE (Sigma). omission of the primary antisera, or incubation with a preimmu~ rabbit or mouse antiserum instead of the LE or SV2 antisera. No specific staining was seen in any of these controls.
Ciliary and choroid neurons were distinguished in frozen sections by their position in the ganglion and the morphology of their presynaptic terminals. Ciliaty neurons showed calyceal terminals after LE and SV2 staining (Fig. 1) . Choroid neurons are largely clustered in the ventrobasal region of the ciliary ganglion and had characteristic punctate labeled bouton-like endings (Fig. 1 ). The immunostained sections were quantified by counting the number of fluorescently labeled LE-and SV2-containing terminals seen within the same section at 400 x magnification.
Every other section was counted, and the total cell counts were also made under phase-contrast optics. The ratios of the % SV2:cell and O/o LE:SV2 were obtained for various stages during and after the normal neuronal death period. No attempt was made to correct for overcounting of split cells in sections since our interest was in relative changes only. This method of quantitation could be done reliably only beginning at St 37. Prior to St 37, immunoreactivity for both LE and SV2 was often characterized by a widespread punctate network of fibers. Therefore, only qualitative observations are noted prior to St 37.
Midbrain immunohistochemistry
White Leghorn chicks or embryos were killed and dissected as described above, except that the entire brain (including midbrain regions) was rapidly removed and immersed in cold 4% paraformaldehyde in 0.1 M phosphate buffer (PB) for 8-10 hr. Fixed tissue was subsequently washed in PB for 6 hr (three changes) and embedded in agarose. After polymerization at 4"C, serial 50-80 pm sections were cut on an Oxford vibratome. Sections were collected in cold PB, mounted on slides, and kept at 4°C until processed for indirect immunohistochemistry for LE as described above.
Estimations of neuronal number
Drugs were administered daily, or three times daily, in 50-100 ~1 volumes to the chorioallantoic membrane of the egg on embryonic days 7-l 4 (E7-14) through a window cut in the shell of the egg. In the absence of any information on drug absorption, diffusion, or subsequent compartmentalization within the egg, effective concentrations were estimated by simple dilution into an egg volume of 25 ml. Using this rough estimation, 20 pg of naltrexone is estimated to have an effective concentration in the egg of about 2 PM. Counts of neurons were made in ciliary ganglia isolated from control and drug-treated embryos. Following overnight fixation in Bouin's solution, ganglia were dehydrated and sectioned in paraffin at 8 pm. Sections were stained with hematoxylinl eosin orange, and all neurons in a particular section were counted at 400 x on every fourth section. Only those cells with a distinct nucleolus were counted as neurons, and all counts were corrected for overcounting according to Abercrombie (1946) .
Controls for naltrexone toxicity
In vim As one control for the possible toxic effects of three times daily administration of naltrexone, survival of motoneurons in the spinal cord was also determined. Since the normal cell death period for spinal motoneurons occurs earlier than in the ciliary ganglion, two different application protocols were employed. In the first, treatment was initiated at E5 and continued through El4 (a period that spans normal cell death in both the ciliary ganglion and the spinal motoneurons). In the second, treatment only spanned the period of normal cell death in the ciliary ganglion (E7-14).
Additionally, ciliary ganglia from St 40 embryos were processed for electron microscopy as previously described (Pilar and Landmesser, 1976) . Briefly, ganglia were removed in oxygenated Tyrode's solution at room temperature and fixed in 1.5% glutaraldehyde, 1.5% paraformaldehvde. and 1.5% acrolein in cacodvlate buffer (DH 7.3) for 5 hr. Specimens 'were postfixed in 2% osmium tetroxide f& 1 hr and dehydrated for embedding in Epon Araldite. Thin sections were cut on an ultramicrotome, mounted on #200 mesh grids, stained with 2OYo uranyl acetate, 1.5% lead citrate, and viewed with a Phillips 300 electron microscope.
In vitro. Ciliary neuron cultures were derived from 8-d-old chick embryos as previously described (Tuttle et al., 1980) . The cells were resuspended in the desired volume of medium (N2 defined media with 1.5% chick embryo eye extract) and plated (3000 cells/well) into polyomithine-coated 96-well microplates. After 2 d ofgrowth, the cells were fed with the above media plus varying concentrations of naltrexone (0.02-200 &ml).
After an additional 4 d of incubation, a colorimettic assay was used to determine the number of living neurons (see Nakanishi et al., 1988 , for details). Briefly, 0.5 mg/ml of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide was added to each well and incubated for 4 hr. The medium was then replaced by dimethyl sulfoxide (DMSO), and the absorbance was read on an automated microplate reader at 540 nm. In control experiments, we determined that the optical density was directly proportional to the number of cells in the range between 1000 and 6000 cells.
Pupillomorphic observations
To evaluate the effect of morphine on nerve-evoked iris muscle contractions, the ciliary nerves were dissected together with a ring of sclera containing the iris and ciliary body muscles. The lens was removed, and the sclera was pinned to the bottom of a Sylgard chamber. Light was shown from beneath, and pupillary diameters were photographed before or during a high-frequency nerve stimulation with a 35 mm camera mounted on a dissecting microscope (see Pilar et al., 1987) . For observations of chronically treated preparations, 50 PM morphine was included in the dissecting and recording solution to ensure that the chronically treated preparation was not washed clean of the morphine present in the egg before observations were made. This morphine concentration is higher than we anticipate in the chronically treated egg; however, since we are not certain of the exact concentration that may be present in the egg, this level was included during the short dissection and recording period to avoid any washout of the chronically treated iris. In addition, it is highly unlikely that this acute exposure to 50 PM morphine would influence our assessment of paralysis in the chronically treated iris, since we have never observed such an effect in acutely treated preparations.
Mechanical responses recorded from iris and choroid muscle fibers contractions, was removed intact with the ciliary nerves and a including the ciliary body and the iris ring muscles. The iris muscle connections to the sclera and ciliary body were cut distal to the entrance of the ciliary nerves such that the iris a strain gauge.
ring could be attached directly to The ciliary nerves were from the ciliary ganglion stimulated at their emergence with either single shocks or repetitively at 5 Hz, and contractions were recorded on a strip chart recorder. For recordings of choroid muscle contractions, the ciliary ganglion was surgically removed with the choroid nerves and a large piece of the choroid coat. The distal end of the choroid into coat (near the ciliary body insertion the sclera) was lifted free of the sclera on one side and the retina on the other and tied directly to a strain gauge. The choroid nerves were stimulated (30 Hz) at their emergence from the ciliary ganglion, and contractions in the choroid coat were monitored on a chart recorder (see Meriney and Pilar, 1987 
Ganglionic transmission
To study the effect of morphine and DADLE on ganglionic transmission at both ciliary and choroid ganglionic synapses, the ciliary ganglion was removed (St 3742) intact with an adequate length of preganglionic oculomotor nerve and postganglionic ciliary and choroid nerves to allow suction electrode extracellular stimulation and recording. Extracellular action potentials were recorded independently in both ciliary and choroid nerves following single-shock preganglionic nerve stimulation (0.05 Hz) before and during drug application (see Meriney et al., 1987) .
Results
Quantitation of the developmental distribution of endogenous LE-like immunoreactivity in the ciliaiy ganglion To quantitate the localization and developmental distribution of opioid peptide staining, LE-like immunoreactivity was compared to that of an antibody that recognizes an antigen associated with synaptic vesicles (SV2; Buckley and Kelly, 1985) . Presynaptic terminals characteristic of both ciliary and choroid neurons stained for LE-like peptides at St 40 (near the end of the cell death period; see Fig. 1 ). Developmentally, the distribution of LE staining before the normal neuronal death period (St 30) showed a fine network of fibers that were not organized into recognizable terminals, and no specific SV2 staining was apparent (Fig. 2) . By St 35, LE-like immunoreactivity appeared as a combination of punctate-staining fibers running around characteristic ciliary and choroid nerve terminals (Fig. 3) . Although electrophysiologically the number of functional synapses is increasing during this early time (Landmesser and Pilar, 1974a,b) , many of these contacts are onto somal processes (which are later retracted) extending from the ganglion cells. This may explain the relatively small number of terminals with characteristic morphology that can be observed at this age. By St 37, the number of LE-positive terminals has increased (Fig. 4) . At this time, about 50% of the terminals expected in the section were clearly labeled with the SV2 antibody. At St 40, all of the cell bodies counted had closely apposed presynaptic terminals that contained sufficient SV2 antigen to be labeled, and about 30% of these also stained for LE (Figs. 4, 5) . Subsequently, the number of LE-stained terminals decreased between the end of the cell death period and hatching , such that only 2% of the SV2-containing terminals also stained for LE. This low level of LE staining was maintained in the adult chicken. Although separate counts of ciliary and choroid terminals were not made, there did not appear to be a large change in the distribution of LE during development. These observations are summarized in Figure 4 . Since there are two developmental phenomena occurring at the same time (the formation of synapses and the expression of opioid peptides), the number of SVZ-stained terminals was initially compared at various developmental stages with the number of cells in each section to estimate the total number of terminal profiles that could be resolved in each section. The open circles in Figure  4 serve as a control for the number of synaptic profiles that can be seen in each histological section. Note that by St 40, all neurons have a clearly recognizable presynaptic terminal. Rather than use these counts to create a correction factor, we plotted these values on the same graph with the quantitation of LE-like immunoreactivity.
In this case, we have represented these data as a ratio of LE-like staining to SV2 staining to determine the percentage of recognizable terminals at each developmental stage that showed LE-like immunoreactivity (see Fig. 4 ). Therefore, the data in Figure 4 allow a comparison between the number of neurons that have a recognizable synaptic profile (open circles) and the number of those profiles that also stain for LE-like peptides (solid circles). We chose this presentation to emphasize that, early in the cell death period, the proportion of cells with LE-reactive endings is much larger than is observed later. In other words, LE-like immunoreactivity is decreasing over the same time period during which the number of neurons with recognizable endings is increasing. Therefore, there appears to be a specific developmental window that coincides with synapse formation in the ganglion and the normal neuronal competition for survival, during which endogenous opioid peptides are present within presynaptic terminals onto ciliary ganglion neurons. Interestingly, the relative absence of LE-like immunoreactivity in the chick ciliary ganglion after hatching is in sharp contrast to the presence of a high percentage of LE-like staining within presynaptic terminals onto adult pigeon ciliary ganglion neurons (see Erichsen et al., 1982) .
LE-like immunoreactivity within preganglionic neurons in the midbrain
The avian analog of the Edinger-Westfal nucleus is located in the midbrain and contains the cell bodies that elaborate the presynaptic nerve terminals onto both ciliary and choroid neurons of the ciliary ganglion. Initially, we attempted to combine selective retrograde labeling [using 1,l '-dioctadecyl-3,3,3',3'-tetramethyl-indocarbocyanine perchlorate (DiI); Molecular Probes, Eugene, OR] of these preganglionic midbrain neurons with immunostaining for LE at different developmental stages. Despite extensive efforts, we were unable to keep the excised midbrain-ciliary ganglion system viable for a long-enough period to allow complete retrograde transport of DiI and also allow immunoreactivity for LE to be preserved. Therefore, here we report the qualitative developmental appearance of LE-like immunoreactivity. At embryonic stages that coincide with the cell death period in the ciliary ganglion (St 35-40), the LE-like immunoreactivity in the cell bodies of the Edinger-Westfal nucleus was highest (Fig. 6 ). After hatching, however, LE-like immunoreactivity could not be detected (despite many attempts to enhance detection with a 24-hr exposure to colchicine prior to dissection). This is in sharp contrast to immunoreactivity that we detected in side-by-side experiments in the pigeon after hatching (see also Erichsen et al., 1982) . These observations are qualitatively consistent with the time course of staining seen in nerve terminals onto chicken ciliary ganglion cells (described above).
Ciliary ganglion numbers
As we reported earlier (Meriney et al., 1985) daily administration of an increasing dose of morphine (20-200 Kg/d; assumed to be about l-10 KM in the embryo) during the normal neuronal death period prevents most of the neuronal degeneration. The normal neuronal degeneration occurs between E8 (St 34), when 6260 cells are present, and El4 (St 40), when 3704 remain. Daily morphine administration delayed this effect to the extent that 5948 cells were alive at El4 (Meriney et al., 1985) . This effect was also shown to be reversed by the opiate receptor blocker naloxone. However, daily administration of naloxone alone during the cell death period did not significantly change the neuronal number after the cell death period (4098 cells alive cell death, opiate receptor blockade would be expected to result at E14; Meriney et al., 1985) .
in a more pronounced neuronal death. For this experiment, we Since exogenous morphine prevents much of the neuronal chose to use the opiate antagonist naltrexone because it has a death, ifan endogenous opioid peptide is modulating the normal longer half-life than naloxone (3 hr vs. 1 hr; Gilman et al., 1990). Since a total and maintained block of endogenous opioids is essential for this experiment, we administered naltrexone once every 8 hr (three times daily). Extrapolating from data obtained in humans, this application protocol is not likely to result in an accumulation of the drug and should block opiate receptors for most of the time between applications. When naltrexone was administered three times daily during the neuronal death period (once every 8 hr), a significantly smaller number of neurons compared to controls survived the normal cell death period (Table 1) . Since naltrexone is a pure opiate antagonist, in the absence of cytotoxic effects, this is what would be expected if endogenous opioids normally influence neuronal survival. Interestingly, when naltrexone was given only once daily throughout the normal death period, an increase in neuronal survival was readily apparent (see Table 1 ). In summary, while administration three times daily decreased survival, single daily administration increased survival.
An important part of our efforts was to determine if the effect of three times daily naltrexone administration was due to a direct toxicity to the ciliary ganglion neurons. As controls for the toxicity of three times daily naltrexone, we counted the number of spinal lumbar motoneurons following this treatment in the same embryos from which ciliary neuron counts were obtained. We selected this control population of cells because they are also cholinergic and undergo a similar competition for survival during development. The number of spinal motoneurons in naltrexone-treated animals was not significantly different with either application protocol described above (E5-14 or E7-14); therefore, the numbers are pooled in Table 1 . Since the number of spinal lumbar motoneurons was not significantly affected by three times daily naltrexone treatment (14,355 vs. 14,328), we do not believe the treatment paradigm described above was toxic to the ciliary ganglion neurons in vivo. The selective effect of naltrexone on the neurons of the ciliary ganglion also argues against any systemic hormonal modulation that may have generally affected neuronal survival (see Howlett and Rees, 1986) . As an additional control, naltrexone-treated ciliary ganglia were examined in the electron microscope and compared with those from control ganglia (see Pilar and Landmesser, 1976) . Surviving neurons treated three times per day with naltrexone were ultrastructurally indistinguishable from controls at E 14 (eccentric nucleus, well-organized rough endoplasmic reticulum distributed in the periphery of the cytoplasm, and well-developed pre-and postsynaptic specializations; data not shown).
To further control for the possibility that three times daily application of naltrexone was toxic to ciliary neurons, we exposed cultured ciliary ganglion neurons to various concentrations (0.02-200 &ml) of naltrexone. In this assay, naltrexone was shown not to be toxic at concentrations as high as 200 cLg/ ml. For comparison with the in vivo application protocol, we estimate that each application of naltrexone (20 CLgr is dissolved into an egg volume of 25 ml. In the absence of information concerning drug partitioning, metabolism, and so on, it is a rough estimation to suspect that each application would expose the embryo to 0.8 &ml naltrexone. Since we have shown that naltrexone is not toxic to ciliary neurons in vitro at concentrations up to 200 &ml, it is not likely that the three times daily application of naltrexone to the egg is directly toxic to the ciliary ganglion neurons.
Opiate eflects at ganglionic and neuromuscular synapses To address the question of the mechanism by which opiates influence ciliary ganglion neuron survival, the effects of morphine on synaptic transmission during the normal neuronal death period were examined. It is well documented that neuromuscular paralysis by acetycholine (ACh) receptor blockers prevents motoneuron death Oppenheim, 1978, 1979; Meriney et al., 1987) . Morphine has been shown to decrease by 40% spontaneous hindlimb kicks in the developing chick embryo (Maderdrut et al., 1985) . However, this decrease in hindlimb kicking, the site of action of which is not known, is not sufficient to influence spinal motoneuron death (see Meriney et al., 1985) . Complete neuromuscular paralysis is thought to be required to prevent normal motoneuron death (see Pittman and Oppenheim, 1979) . If morphine-induced modulation of ciliary ganglion neuron survival occurs via blockade of neuromuscular transmission, complete paralysis of the striated iris muscle would be expected (see Meriney et al., 1987) . Morphine's effect on nerve-evoked iris muscle contractions was investigated with both pupillomorphic observations of acute and chronically treated embryos and force transducer measurements of acutely treated irises. Morphine, up to 75 MM, did not inhibit the constriction of the pupil following either single-shock or 5 Hz ciliary nerve stimulation in acutely treated preparations (Fig. 7) . In addition, some of the chronically treated embryos used for neuronal cell counts were also used for pupillomorphic observations. Figure 8 shows a chronically treated iris before and during a 30 Hz ciliary nerve stimulation. It is apparent that morphine does not paralyze iris neuromuscular transmission even in chronically treated embryos. It is still possible that opiates exert a more subtle effect on this synapse that is not detected with tension measurements or pupillomorphic observations. However, since complete paralysis has been shown to be necessary for an activity-dependent delay of motoneuron death, a subtle effect of morphine on synaptic transmission is unlikely to influence neuronal survival significantly.
The effect of morphine on nerve-evoked contractions in the target smooth musculature of the choroid neurons was also examined. Figure 9A shows the tension generated in the choroid muscle in response to a 30 Hz choroid nerve stimulation. When 50 PM morphine was added to the perfusion solution, the contractile response decreased significantly (Fig. 9B) . Therefore, morphine can partially block the nerve-evoked activation of the choroid coat. This is consistent with biochemical measurements from embryonic choroid tissue of a significant opiate inhibition of ACh release (Gray et al., 1989) .
Activity at ganglionic synapses within the ciliary ganglion is also known to regulate the extent of the normal neuronal death. ACh receptor blockade of these synapses during development increases the extent of degeneration among both ciliary and choroid neurons (Wright, 198 1) . Since it is known that endogenous opiates exist in large quantities within the ciliary ganglion during this period in development, the effect of morphine on transmission across these synapses was investigated. At St 37, administration of up to 20 FM morphine for 30 min did not block ciliary or choroid ganglionic transmission (Fig. lOA,B) . At St 39 (Fig. lOC,D) , morphine partially blocked choroid transmission but did not appear to influence ciliary transmission. However, by St 4 1 (Fig. 1 OEJ) , 10 PM morphine partially blocked both ciliary and choroid ganglionic transmission. Therefore, during the early portion of the cell death period (St 37), morphine did not block ganglionic transmission. At the end of this developmental window (St 3941), morphine partially blocked synaptic transmission across the ganglion.
Efects of DADLE on ganglionic transmission Since endogenous LE-like opioids may be available in relatively large quantities, especially during the early portion of the normal cell death period, and since morphine appears to be most potent in blocking ganglionic transmission at later developmental stages, we examined the sensitivity of ganglionic transmission to DA-DLE (an LE analog). At St 37 (when LE immunoreactivity is high; see Fig. 4 ), a 10 min, 10 FM DADLE administration partially blocked transmission across both ciliary and choroid synapses (Fig. 1 lA,B) . By St 42, the effect was most evident at F&-we 8. The effect of chronic morphine treatment on St 41 iris pupil constrictions. A, Chronically treated resting pupil. B, Iris constriction of the chronically treated muscle during a 30 Hz ciliary nerve stimulation. Morphine administration was never able to paralyze iris constriction. Scale bar, 30 pm. choroid synapses and was completely blocked by prior exposure to 10 PM naloxone (Fig. 11 C-F) .
Although we cannot distinguish between pre-and postsynaptic effects, it is clear that DADLE has a greater effect on ganglionic transmission at St 37, when endogenous LE immunoreactivity is highest, than after the cell death period. In addition, this is in sharp contrast to the effects of morphine on ganglionic transmission, since morphine does not have any effect at St 37 and gradually begins to block by St 39.
Discussion
Exogenous morphine administration throughout the normal cell death period increases the number ofneurons that survive (Meriney et al., 1985) . Since endogenous opioid peptides are expressed in large amounts in the chick ciliary ganglion predominantly during the cell death period, we have investigated the hypothesis that they modulate the normal neuronal death (White et al., 1985 ; see below). There are three major lines of evidence that support this hypothesis: (1) exogenous opiate agonist application increases neuronal survival, and this effect can be reversed by naloxone (Meriney et al., 1985) ; (2) like immunoreactivity is transiently expressed during the neuronal death period within presynaptic nerve endings onto ciliary ganglion neurons.
One important experimental evidence presented in this article is the effect of naltrexone on neuronal survival. When naltrexone was administered to the chick embryo three times during a 24 hr period, a decrease in ciliary ganglion neuron survival was observed. It is likely that this multiple application protocol blocks the opiate receptors for most, if not all, of the 24 hr period. Therefore, the ciliary ganglion neurons may be deprived of an endogenous opioid influence, and fewer neurons survive the normal cell death period. This effect is not likely to be due to a toxic effect of the three times daily naltrexone treatment, since lumbar spinal motoneurons from the same embryo were unaffected, and an in vitro assay of naltrexone toxicity showed no toxic effects. Therefore, since naltrexone appears to modify ciliary ganglion neuronal survival specifically and selectively, these results strongly suggest that endogenous opioid peptides modulate the neuronal degeneration that occurs during development, increasing the probability that neurons will survive the competition for survival.
Interestingly, when the opiate receptor antagonist naltrexone was administered only once daily to the embryo, there was an increase in neuronal survival (an effect expected from an opioid agonist in the ciliary ganglion). We were initially surprised by this effect. Previously, it has been established that naltrexone, a long-acting opiate antagonist interacting with many types of opiate receptors, only has an effect after opiate administration or activation of an endogenous opioid system, and has no known agonist activity (Martin, 1983) . Alternatively, Zagon and McLaughlin (1984, 1986) have shown that chronic administration of opiate antagonists can produce an agonist effect if receptor blockade persists for only 4-6 hr following the injection. This is hypothesized to occur as a result of an upregulation of opiate receptors during the receptor blockade, which subsequently enhances endogenous opioid activation between antagonist injections; a similar explanation could be used to explain our data following single daily injections of naltrexone (see Schultz et al., 1979; Z&in et al., 1982; Bardo et al., 1983; Zagon and McLaughlin, 1986) . We have extended the observations of White et al. (1985) to document the dynamic changes in opioid expression that occur within presynaptic terminals onto chick ciliary ganglion cells and shown that endogenous opioids are transiently expressed in the ganglion only during the cell death period, and only in some terminals. It is not likely that the loss of LE-like immunoreactivity following the cell death period is due to the selective death of enkephalin-containing Edinger-Westfal neurons since we have observed a downregulation of LE-like immunoreactivity in Edinger-Westfal neurons following the normal neuronal death period in the ciliary ganglion. The expression of opioids in the nerve terminals onto ciliary ganglion neurons appears to be a developmentally regulated phenomenon. In fact, we found that no more than about 50% of terminals were labeled at any one time. We could not determine whether all terminals were immunoreactive, but we consider it likely that opioids are transiently expressed in all terminals at some time during the 5 d cell death period. It is possible that opioid expression is actively reduced, perhaps by some retrograde transynaptic signal, in individual terminals after their effect on neuronal survival has been achieved. Interestingly, a striking difference in the percentage of terminals labeled with LE antibodies is apparent when the hatched chicken is compared to the pigeon (Erichsen et al., 1982) . In the chicken, only 2% of terminals stain for LE, while about 54% are strongly immunoreactive in the pigeon. This difference is also apparent among the parent cell bodies in the Edinger-Westfal nucleus (described earlier). It is clear that the developmental regulation of LE-like peptides is different in the pigeon and chicken. We do not know the reason for this difference, but it is interesting to note that the pigeon ciliary ganglion has about twice as many neurons as the chicken ciliary ganglion (Marwitt et al., 1971) and may not have the same magnitude of cell loss during development, which could indicate a different balance of interaction between target influences and opioid influences.
Recently, a transient expression of various neurotransmitters in the developing neocortex has led to the speculation that there is a series of chemical messengers expressed at different developmental times that influence the establishment of specific circuitry in the cortex (Parnavelas and Cavanagh, 1988) . In some instances, it appears as if these neurotransmitters are exerting a trophic influence (see D'Amato et al., 1987) . Many neuropeptides have also been shown to have growth promoting activity (see Zachary et al., 1987) . In particular, endogenous opioids have also been shown to exert a trophic influence in postnatal rat brain, with a small increase in neuronal, and a large increase in glial proliferation observed in the cerebellum following daily naltrexone treatment during the first 3 weeks of life McLaughlin, 1986, 1987; Schmahl et al., 1989) . In addition, continuous naltrexone treatment has been shown to increase dendritic growth and spine formation in the hippocampus, cerebral cortex, and cerebellum (Hauser et al., 1987 (Hauser et al., , 1989 . Therefore, since endogenous opioids are present at ganglionic synapses in large quantities during the ciliary ganglion cell death period, and three times daily naltrexone treatment selectively decreases ciliary ganglion neuron survival, endogenous opioids also appear to exert a trophic influence on these neurons.
Although opiates are known to be modulators of synaptic activity, and normal neuronal death is sensitive to synaptic activity blockade, our results do not support the idea that opiates influence neuronal death via a paralysis-dependent mechanism for the following reasons. (1) Paralysis-induced regulation of ciliary ganglion survival occurs following a complete blockade of iris neuromuscular transmission. However, even chronic morphine treatment does not block nerve-evoked iris contractions. (2) In contrast, morphine significantly blocks activation of the smooth muscle of the choroid coat. This may not be relevant to choroid neuron survival since ACh receptor blockade at this synapse cannot rescue choroid neurons from normal neuronal death . Therefore, this neuronal population does not appear to be regulated by peripheral synaptic blockade in the same way as the ciliary population. (3) Administration of exogenous morphine and DADLE can also block some choroid and ciliary ganglionic synapses. This is consistent with intracellular observations by Katayama and Nishi (1984) , who describe synaptic inhibition by opiates in the rabbit ciliary ganglion. However, inhibition at these synapses by ACh receptor blockers is known to decrease neuronal survival (Wright, 198 I) , not increase survival, as we have observed with opioid agonists. Thus, it is apparent that the blockade of transmission at any of the synapses in the ciliary ganglion system observed following morphine administration is not likely to be the mechanism by which exogenous morphine increases neuronal survival, or the one by which endogenous opioids modulate the normal neuronal death.
Interestingly, morphine and DADLE do not appear to be equipotent in their ability to influence ganglionic transmission during the normal cell death period. Morphine does not have any effect at St 37, while DADLE is clearly able to influence synaptic transmission in the ganglion at this time. This suggests that &opioid receptors predominate at ganglionic synapses during this early portion of the cell death period, which coincides with the highest expression of endogenous LE-like immunoreactivity. Further investigation will be required to determine if a change in receptor pharmacology is occurring within the ganglion at this time. These observations, however, are only suggestive of the receptor pharmacology that influences ganglionic transmission. It is possible that effects of exogenously applied agonists and antagonists described above act at a different, perhaps nonsynaptic, site.
Morphine and the endogenous opioids may both act directly on the ciliary ganglion cells themselves. The endogenous opioids in the ciliary ganglion may modulate the normal neuronal death that occurs during development via a "paracrine" neurotrophic mechanism mediated by a second messenger. This may include intracellular messengers such as guanosine 3':5' -cyclic monophosphate (cGMP), or simply calcium ions themselves. Weill and Greene (1984) reported that administration of the membrane-permeable dibutyryl cGMP to the chicken egg delays spinal motoneuron death, and we have reported a similar effect of dibutyryl cGMP on ciliary neurons (Meriney et al., 1984) . In fact, morphine has been shown to increase cGMP levels in striatal slices (Minneman and Iversen, 1976) . Alternatively, opioid modulation of voltage-sensitive calcium current may act to influence neuronal survival. Opiates have been shown to be potent blockers of Ca*+-dependent action potentials in ciliary ganglion neurons (Margiotta and Berg, 1986) and therefore are likely to modulate voltage-sensitive Ca2+ channels, decreasing Ca2+ influx. One hypothesis proposes that alterations in intracellular Ca2+ can affect neuronal death among trophic factordependent cells (see Koike et al., 1989) . This "Ca2+ set-point hypothesis" predicts that there is an optimal level of intracellular Caz+ concentration that allows for autonomous existence of the neuron. The idea was developed following observations that a chronic depolarization (induced by a mild high-potassium medium) increases the survival of sympathetic and ciliary ganglion (Collins, 1988; Koike et al., 1989) . Since Ca2+ channel blockers can prevent this effect, it is argued that an increase in intracellular Ca2+ ion concentration is critical for neuronal survival. The hypothesis predicts that developing neurons normally have a low intracellular free Ca*+ concentration and are therefore dependent on trophic factor support from the periphery. On the other hand, an excessively high intracellular Ca2+ concentration may be toxic to the neuron, as has been shown following excitatory amino acid exposure (Choi, 1988) . It is possible that manipulation of the opioid effects on developing ciliary ganglion cells in vivo could alter the intracellular Ca2+ concentration, causing an imbalance in calcium homeostasis, and ultimately result in cell damage due to uncontrollable activation of calcium-dependent reactions (Choi, 1988; Slesjo, 1988) . Although the mechanism of exogenous morphine's delay of neuronal death is not known, it is not likely to replace the need for peripheral muscle interactions. When ciliary ganglion neurons are cultured in a medium of only minimum essential medium (MEM), vitamins, and amino acids, they quickly die (within 24 hr). Morphine is not able to shift the dose-response curve of the eye extract normally required for survival in vitro for 7 d (Gray, 1985) . Perhaps, in vivo, morphine is able to act in concert with the variety of factors likely to be present. Morphine may "prime" ciliary neurons for support by trophic factors, or target-derived trophic support may change the sensitivity of ganglion cells to endogenous opioids or transsynaptically increase the expression of opioids in terminals onto ganglion cells. Furthermore, it is possible that exogenous opiates exert their effects in the target environment, where they may increase trophic support for ciliary ganglion neurons. However, this seems unlikely, since in preliminary unpublished experiments in which ciliary neuronotrophic activity was measured in the targets of chronically treated embryos, there was no difference between control and morphine-treated embryos (see Pilar et al., 1988b ; H. J. L. Fryer and G. Pilar, unpublished observations).
Developing ciliary ganglion neurons, which are known to be dependent on the presence of the periphery (Levi-Montalcini and Amprino, 1947; Pilar, 1974b, 1978) and central synaptic connections (Levi-Montalcini, 1949; Furber et al., 1987) , are also influenced by neuropeptides. Since most, if not all, of the endogenous opioids in the ciliary ganglion are present in the preganglionic central connections onto ciliary and choroid neurons, the increased neuronal death that occurs following central denervation may be partially due to the removal of the opioid peptides. Denervation of central connections onto the ganglion results in the near total degeneration (85-90%) of the ciliary and choroid populations (Levi-Montalcini, 1949; Furber et al., 1987) . Three daily applications of the opiate receptor blocker naltrexone only decreases ganglion cell survival by about 25%. While it is not known if more frequent naltrexone applications would result in even more neuronal degeneration, it is unlikely that the endogenous opioids are the only factor supplied by central connections onto ganglion cells, and opioid peptides may act in concert with other preganglionic factors.
The regulation of neuronal survival is a complex process that probably involves the interplay of many peripheral, central, and possibly humoral factors. For example, primary sensory neurons appear to be sensitive to nerve growth factor from central as well as peripheral sources (see Johnson and Yip, 1985) . It seems unlikely that cell survival in vivo depends on a single survival molecule. Recently, there have been several reports of the specific action of local trophic factors on ciliary ganglion neuronal survival during development. The generally accepted notion of the importance of CNTF as a target-derived neurotrophic factor is still in question. On one hand, Hendry et al. (1988) have observed immunoparasympathectomy in mice following treatment with a blocking monoclonal antibody to CNTF, but on the other hand, Oppenheim et al. (199 1) were not able to show any increase in ciliary ganglion neuronal survival following mammalian CNTF application to the chicken embryo. This discrepancy could be due to the fact that chicken CNTF only has 57% homology with the mammalian CNTF (Lin et al., 1989; Eckenstein et al., 1990) . It is likely that other growth factors, perhaps fibroblast growth factors (see Eckenstein et al., 1990) , also play a role in this competition for survival. Our challenge is to identify the individual components and determine how they interact to regulate the final number of surviving neurons in a population.
